Abstract
associated with minima in the large scale velocity. To consider these results further, we introduce 23 a modified quadrant analysis and show that it is the coupling to the large scale low velocity state 24 that is critical for the dynamics.
I. INTRODUCTION

26
An improved understanding of high Reynolds number, boundary-layer turbulence is es-27 sential for both control purposes and developing enhanced numerical modelling methods [52]. More recent work has shown that an important means by which coupling takes place is 34 in the amplitude modulation of the small scales by the large [12, 18] , and this has resulted 35 in models for near-wall behavior based on knowledge of the VLSMs in the outer region [37] .
36
In this study, rather than examining two-point statistics (near and far from the wall), 37 we focus on the relation between large and small scales at a given height from the wall, y, Hence, the plan for this paper is to review definitional information on Hölder exponents 50 in section 2, describe the experimental facility and the data employed in this study, which 51 have been published previously [12, 19] , and to then give details of the signal pre-processing 52 methods and the metrics used to characterize the relations between small and large scales 
II. POINTWISE HÖLDER EXPONENTS AND THEIR ESTIMATION
Landau's objection to Kolmogorov 
66
The general definition of α u proceeds from consideration of the differentiability of a 67 function relative to polynomial approximations about a location of interest, t 0 . However,
68
for turbulence in the inertial regime, where the mean, ⟨α u ⟩ = 1 3
[31], then 0 < α u (t) < 1 and 69 one may consider, more simply, that
where ∆ t is some interval about t 0 . A rapid method for evaluating α u is based on a log-log 
97
Following Jaffard [20] , in a window, |∆ x | about a singularity of order α u , one finds that
Hence, for the second moment, n = 2, and assuming α u = ⟨α u ⟩ everywhere, the Kolmogorov 100 2/3 law is recovered exactly when ⟨α u ⟩ = 1/3 as stated above.
101
With a dimension to these singularities of D(α u ) it follows that there are approximately contributor to the integral will be given by the smallest exponent. Thus,
108
That is, the structure function scaling exponent, ξ n and the pointwise Hölder exponents, frequency variability from wavelet scales, j = 1, . . . , 6, and the large scales from 8 ≤ j ≤ J, 149 j ∈ Ú. As the equivalent filter width at scale j is given by L j = (2 where U ∞ is the free stream velocity and δ is the boundary layer thickness. Based on the 154 vertical structure of the energy spectra for u shown in Fig. 1 of Ganapathisubramani et al.
155
[12], tU ∞ /δ = 1.86 is close to an optimal separation of large and small scales for these data,
156
while the j ≤ 6 criterion for the small scales ensures a clear scale separation. Reconstruction 157 from the wavelet coefficients by setting scales j ≥ 8 to zero for the small scales, and j ≤ 6 to 158 zero for the large scales, and performing the inverse MODWT leads to the small and large
159
scale velocity signals, u δ< (t), and u δ> (t), respectively. The pointwise Hölder exponents of 160 the former are then denoted by α δ< (t).
161
An example short segment of u δ> (t) (black line), u δ< (t) (gray line in the upper panel) Given α δ< (t), one can either consider its relation directly to u δ> (t), or acknowledge that 172 the impact of the difference in intrinsic timescales will introduce a decorrelation bias that will 173 have a deleterious impact on the results. This then implies that α δ< (t) is low-pass filtered to 174 the same cut-off frequency as u δ> (t) before analysis. In the rest of this paper, we denote this δ< . The phase difference is then given by ∆ϕ u,α (t) = ϕ u> (t) − ϕ α< (t).
195
Because the phase is defined on the unit circle, its mean value cannot be found using standard
196
arithmetic averaging. Therefore, the mean phase coherence is found by averaging the angular 197 distribution of phases on the unit circle in the complex plane [34]: is used to normalize the value of γ from the data, where we obtain ⟨γ S ⟩ over ten surrogate 205 series:
An alternative way to explore properties of ∆ϕ u,α (t) is to calculate its relative entropy, ∆ϕ u,α in a given interval. The relative entropy is then given by
Hence, E r (∆ϕ u,α ) > 1 indicates greater order than for an equivalent uniform distribution 230 generated a velocity-intermittency structure different to that for any of the more idealized 231 flow types [28, 29] .
232
In this study, we modify this technique to determine the relation between u δ> (t) and 233 a δ< (t), i.e. the coupled behavior of large scale velocity and filtered small scale intermittency. The four quadrants are defined according to Table II, coupled to a rougher than average small scale velocity signal (Q = 4).
244
It was found previously that because of the approximate linear variation of p Q with H for 245 a given quadrant, dp Q /dH could be used as a summary measure for the behavior of the flow 
IV. RESULTS
249
A. Summary Measures of Large and Small Scale Coupling Replacing α δ< (t) by a δ< (t) gives the results shown in Fig. 4 , which are generally consistent 262 with those in Fig. 3 . The magnitude of the negative correlations at y + ∼ 10 is three times displaced to y + ∼ 500 and a similar, rapid decay to zero correlation for y/δ > 1 is observed.
267
Similarly to Fig. 3b , ⟨γ * ⟩ a halves in value over 10 < y + < 3000, attaining a minimum at 268 the same position as before, before rapidly increasing to a peak close to y/δ = 1. The major 269 difference in the results is the inversion of the peak in ⟨E r ⟩ a at a similar y + . It should be 270 noted that the value for ⟨E r ⟩ a in this trough is still greater than that for the peak in Fig. 3d .
271
However, this clear contrast to the result in Fig. 4b indicates a different development in the 272 shape of the PDF for ∆ϕ u,a at y + ∼ 10000 relative to the phase synchronization between 273 u δ> (t) and α δ< (t), which is explored further in section 4.3. Thus, for 10 < y + < 3000,
274
⟨E r ⟩ a ≡ ⟨E r (∆ϕ u,a )⟩ is approximately constant but the phase synchronization decreases.
275
This can be contrasted to Fig. 3b,d where the decrease in ⟨γ * ⟩ α with y + in this range is 276 accompanied by an increase in ⟨E r ⟩ α , with both attaining a local maximum at y + ∼ 10000.
277
B. Extending the Correlative Measures to Cross-Correlations
278
The assumption of zero lag in the correlations in Fig. 3a and 4a is a strong one and correlation. By way of example, for the unfiltered Hölder series, this is given by
286 as well as the associated lag:
288 where a positive lag indicates that a change in α δ< leads u δ> . Confidence limits at the 95% 289 level are placed on these results using the bootstrap procedure outlined in the appendix. As in Fig. 3 and 4, the correlations reported in Fig. 5a change from negative to positive 293 with increasing y + , although the point of transition is now higher into the flow than was 294 the case in Fig. 3 . It also occurs at a similar value of y + for both the filtered and unfiltered
295
Hölder series. That this transition is very similar to that seen in Fig. 4 suggests that 296 filtering the Hölder series yields more physically interpretable results as there is a greatly 297 reduced dependence on ∆t + . This is borne out directly in Fig. 5b , which shows ∆t in Fig. 5a highlight a break in slope of the variation of the cross-correlation at y + ∼ 100,
301
followed by a rapid decrease in correlation magnitude with height until y + ∼ 1000, which 
306
What is of further note is that while the positive correlations in Fig. 3a, 4a , and 5a attain a 307 magnitude at high y + that is not dissimilar to those near the wall, the phase synchronizations 308 in Fig. 3c and 4c exhibits a decrease with height (rather than a global minimum close to 309 the height of zero correlation). Hence, while linear measures of association imply that the 310 boundary-layer is as structured close to y/δ = 1 as it is at the wall, γ * a indicates that near-
311
wall structure is more strongly expressed. We examine this qualitative difference further by 312 explicitly referring to the phase differences. between u δ> and a δ< .
C. Distribution functions of the phase difference
314
The histograms for ∆ϕ u,a are shown in Fig. 6 for five choices of y + that exhibit differences
315
in their values for ⟨γ * ⟩ a according to the results in Fig. 4 . The results at y + ∼ 3000 316 correspond to the minimum for ⟨γ * ⟩ a and Fig. 6d difference region (Fig. 7d) , compared to 51.2% for the latter (Fig. 7c) . Interestingly, given 335 the negative correlations near the wall seen in Fig. 4 and 5, it is p(∆ϕ u,a |sgn(u 
Histograms of ∆φ u,a at y + = 12.6 conditioned simultaneously on the sign of u ′ δ> and the sign of a ′ δ< . The y-axis is expressed in terms of the full PDF for ∆φ u,a . with all differences existing over a relatively narrow range of phases (−π < p(∆ϕ u,a ) < π).
350
Quadrant 3 exhibits an opposite response with both larger magnitude phase differences and 
355 where all quantities are written in terms of wall units (+ superscript), the left hand term 356 is the predicted velocity, u BL is the "universal" signal at that height derived from the Keylock et al. [29] . The means over ten replicates for dp Q /dH as a function of y + are shown H, indicating a relatively stable velocity-intermittency relation at these heights.
375 Figure 10 shows the results at four elevations in greater detail to the dp Q /dH summary 376 measure in Fig. 9 . The general patterns are in agreement with the above interpretation,
377
with the situation at y + = 174 similar to that at y + = 21, but with less extreme slopes.
378
In the former, at large H, the limiting state is ∼ 70% occupancy in Q2 and ∼ 30% in Q4,
379
while the latter is close to 100% in Q2. In the mid-range of elevations, it is Q1 and Q3 that 380 dominate in this limit with about 35% occupancy, and Q2 and Q4 contributing 15% each. 
421
The characteristic equation for the velocity gradient tensor is A ij = e their associated evolution equations are often studied:
426 where ω 2 = ω i ω i and the strain, S ij , rotation, Ω ij and vorticity, ω ij are given by
428 such that the velocity axis is the low-pass filtered velocity and the intermittency is that 451 detected at small scales, it has been shown that the crucial changes to the large and small 452 scale coupling are driven by the times when the velocity at large scales is less than average.
453
The reason that the correlation between large and small scales changes sign at y + ∼ 300 454 is because of a change from an association between low velocities at large scales and less 673, 235-285.
